Abstract -
I. INTRODUCTION
Lead is easily workable and corrosion-resistant heavy metal, which is widely used in industry [1] . Lead(II) is one of highly toxic, non-biodegradable, teratogenic and carcinogenic heavy metals. According to the World Health Organization, the maximum permissible limit of lead(II) in drinking water as well as in wastewater is 0.05 mg/L [2] . Lead(II) contamination originates from wastewaters of electroplating, printing pigments, textile and fuel industry, mining, battery manufacturing, explosive manufacturing, automotive and building construction. Industrial wastewaters are usually acidic. Lead(II) nitrate is a common soluble lead(II) compound. The removal of lead(II) ions from the effluents and waste waters is a problem of great significance.
Di(2-ethylhexyl)phosphoric acid (D2EHPA) is an important acidic extractant in hydrometallurgy [3] . The advantages of the use of D2EHPA are: its chemical stability, good kinetics of extraction, its availability in commercial quantities. Membrane extraction is a promising technique for removal of metal ions from dilute solutions [4] . A liquid membrane is a layer of an organic solvent separating two aqueous solutions. Liquid membranes provide greater selectivity and permeability than the solid ion-exchange membranes. Solutions of D2EHPA in organic solvents are widely used as the liquid membranes for the removal, separation or concentration of metals. The transport of Pb(II) from neutral and weakly acidic solutions using D2EHPA-based emulsion [5] , supported [6] , hollow fiber [7] liquid membranes and polymeric inclusion membranes [8] is reported in the literature. The gradient of hydrogen ion concentration acts as the driving force for the transportation of metal ions in these systems.
Electrodialysis with liquid membranes combines carriermediated transport and electrodialysis. The electric field gradient is a driving force of the membrane extraction process during electrodialysis. Application of a direct electric field significantly intensifies the transport of ions through the liquid membranes and facilitates stripping of metals from the organic phase [9] . It has been demonstrated by the author previously that the D2EHPA-based liquid membranes ensure an effective extraction of silver(I) from nitric acid solutions [10] as well as cobalt(II) removal from sulfuric acid solutions [11] accompanied by electrodeposition of the metals during electrodialysis. The aim of the present work is to study the membrane extraction of Pb(II) from nitric acid solutions by bulk liquid membranes containing D2EHPA during galvanostatic electrodialysis and to determine optimal conditions for the lead transport and electrodeposition in the cathodic solution.
II. EXPERIMENTAL

A. Instrumentation
The experiments were carried out in a four-compartment Teflon electrodialysis cell in the system:
Liquid membrane (thickness 0.2 cm, volume 2 cm 3 , surface area 7.1 cm 2 ) was separated from the aqueous solutions by two vertical cellophane films. Anodic solution (volume 17 cm 3 ) was separated by the solid cation exchange membrane MK-40 from the feed solution (volume 13 cm 3 ). The MK-40 is a sulfonic polystyrene divinylbenzene cation exchange membrane. The cellophane films and the solid membranes were soaked in water for more than 24 h before use. The direct electric current was supplied to the plane platinum electrodes (surface area 7.1 cm 2 ). Potentiostat P-5827М was used as a current source. All experiments were performed under galvanostatic mode. The concentration of lead(II) ions in the aqueous solutions was determined by spectrophotometry with HCl using absorbance of [PbCl]6
4-ions at 267 nm [1] . UV-Vis spectrophotometer SF-46 was used for the analysis of metal ions. The measurements were carried out at room temperature. The solutions were not agitated. 
III. RESULTS AND DISCUSSION
A. Transport Mechanism
In D2EHPA organic solutions, in the presence of TOA an ion pair is formed, which consists of an organic cation and an organic anion [12] :
where HA is di(2-ethylhexyl)phosphoric acid, R3N is tri-noctylamine. Lead(II) is extracted by the carrier due to the interfacial binary extraction mechanism:
where subscripts (aq) and (org) denote aqueous and organic species.
When D2EHPA presents in excess, lead(II) is partially extracted according to the cation exchange mechanism. It is known that molecules of D2EHPA are dimers in non-polar organic solvents, whereas monomers exist in alcohols [13] . We can suppose the coexistence of monomers and dimers of D2EHPA in the relatively polar solvent -1,2-dichloroethane (ε > 10). Neglecting partial dimerization of D2EHPA, the interfacial reaction can be written as follows:
The extraction complex can partially dissociate in the polar solvent:
Pb 2+ cations are transferred by diffusion to the interfacefeed solution / liquid membrane -and interact with the carrier forming a complex. The transported compound is transferred across the liquid membrane layer and decomposes at the interface liquid membrane / cathodic solution when direct electric field is applied. If the cathodic solution contains perchloric acid, ClO4 − anions are transported through the liquid membrane in the opposite direction, interacting with the amine salt:
At the interface feed solution / liquid membrane reaction (5) goes from right to left. The transfer of Pb 2+ ions through the liquid membrane is accompanied by cotransport of the hydrogen cations during electrodialysis. Therefore, high acidity of the cathodic solution and correction of pH value of the feed solution are not necessary at electrodialysis in contrast to traditional dialysis membrane extraction. Hydrogen ions are transferred from the anodic compartment across the solid cation exchange membrane into the feed solution. Redox reactions occurring at the electrodes are coupled to the transmembrane ion transport. Hydrogen evolution occurs at the cathode, and oxygen evolution occurs at the platinum anode in the nitric acid solutions.
B. Effect of the Cathodic Solution
It was found in the preliminary experiments that the extraction degree of lead(II) from the feed solution containing 0.01 M Pb(NO3)2 into the liquid membrane consisting of 20 vol.% D2EHPA and 0.1 M TOA in 1,2-dichloroethane was about 20 % within 100 min, and the transfer of Pb 2+ ions into the stripping solution (catholyte) was less than 2.5 % without electric field application. The imposition of an electric field allows to intensify the transfer of Pb 2+ cations through the liquid membranes and to obtain cathodic lead deposits from dilute solutions of perchloric, nitric or acetic acids. Dense and highly adherent metal coatings were deposited from perchloric acid solutions.
The increase of HClO4 concentration in the cathodic solution from 0.1 mol•L −1 to 1.0 mol•L −1 leads to some reduction of the lead(II) extraction rate into the organic phase (Table I) . It is presumed to occur due to the perchlorate anion transfer intensification from the cathodic solution through the liquid membrane resulting in the current efficiency decrease for Pb 
C. Effect of Current Density
D. Effect of the Feed Solution
The increase of the lead(II) concentration in the feed solution from 5•10 −3 mol•L −1 to 0.1 mol•L −1 leads to a proportional rise of the metal transport rate through the liquid membrane (Fig. 3) . Mass of the cathodic deposit also increases. However, the extraction and electrodeposition degrees reduce when the lead(II) concentration in the feed solution comes up. The current efficiency calculated for Pb 2+ transport was found to increase with the metal initial concentration rise, but did not exceed 8 %. The current is transferred through the liquid membranes mainly by H + cations from the feed solution and ClO4 − anions from the cathodic solution. The lead(II) removal efficiency is strongly influenced by acidity of the feed solution. The nitric acid concentration increase in the feed solution from 0.01 mol·L −1 to 1.0 mol·L −1 results in a significant decrease of the lead(II) transport rate as well as of the extraction and electrodeposition degrees (Fig. 4) . It is caused by the intensification of the hydrogen ion transfer through the liquid membrane as well as by decrease of the D2EHPA extraction ability [14] . The optimal acidity of the feed solution containing lead(II) is 5•10 −3 − 0.01 mol·L −1 nitric acid. A sufficiently high degree of lead(II) extraction about 80 % and a stripping degree of 40 % were achieved within 100 min of electrodialysis in these systems. 
E. Effect of the Liquid Membrane
The effects of di(2-ethylhexyl)phosphoric acid and tri-noctylamine concentrations in the liquid membranes on the lead(II) cation removal and electrodeposition rates are illustrated in Table II . The increase of D2EHPA concentration in the organic phase from 10 vol.% to 40 vol.%, with the TOA concentration being constant, leads to some increase of the lead(II) extraction degree into the organic phase; however, the metal transport rate into the cathodic solution and the electrodeposition degree somewhat reduced. Negative effect of D2EHPA excess on the lead ion transfer may be connected with an increase in the viscosity of the organic phase.
Solutions of technical D2EHPA contain significant amounts of strongly associated monoalkylphosphoric acid [14] and have a low electrical conductivity. To use them for the electrodialysis with liquid membranes admixtures, for example, tri-noctylamine, have to be introduced. The electrical conductivity of the D2EHPA-TOA mixture is approximately one order of magnitude higher than those for individual solutions in dichloroethane [15] (Table II) . If the concentration of anion exchange carrier in the organic phase increases, the transfer of ClO4 -ions from the cathodic solution through the liquid membrane intensifies. It results in the current efficiency decrease for lead(II) ion transport. ; t = 100 min). The increase of TOA concentration in the organic phase leads to a rise in the electrical conductivity and significantly decreases the initial voltage of the galvanostatic process (Fig. 5) . The voltage usually decreases continuously during electrodialysis; however, sometimes the voltage increase is observed at the beginning of the process. The voltage decrease is connected with the formation of R3NHClO4 in the liquid membrane as well as with water accumulation in the organic phase. The high electrical conductivity of the TOA-based liquid membranes containing lipophilic perchlorate anions is noted by the author [15] . Water is transferred into the organic phase in the hydration-solvation sheath of ions and by electroosmosis. The appearance of water in the organic phase negatively affects the transport of ions through the liquid membrane [16] .
Thus, the obtained results allow to conclude that electrodialysis through the liquid membranes is a feasible technique for the removal and electrodeposition of lead(II) cations from dilute nitric acid solutions. The process ensures a single-stage extraction, stripping and electrodeposition of the metal. The electric field significantly intensifies the transport liquid membrane processes are much more complex than that of the bulk liquid membrane. With respect to the conventional electrolysis, the liquid membrane based process offers the advantage of lower temperature. It should be also noted that the composition of the catholyte can differ from the initial leadcontaining feed solution.of metal ions through the organic layer if compared with the supported liquid membranes or polymeric inclusion membranes. High acidity of the strip solution is not necessary during electrodialysis. Bulk liquid membranes are more stable than the supported and emulsion ones as solvent evaporation, loss of organic solvent and carrier, coalescence and emulsion swelling are eliminated. Hollow fiber liquid membrane and emulsion. 
IV. CONCLUSION
Application of a direct electric field ensures the transfer of Pb 2+ ions through the liquid membranes containing di(2-ethylhexyl)phosphoric acid and tri-n-octylamine in 1,2-dichloroethane accompanied by cathodic electrodeposition of lead from dilute solutions of perchloric, nitric and acetic acids.
Dense and adherent deposits of lead are obtained from perchloric acid solutions. Increasing the current density and Pb 2+ initial concentration in the feed solution results in an increase in the lead(II) transport and electrodeposition rates. The increase in HNO3 concentration in the feed solution as well as rise in D2EHPA and TOA contents in the liquid membrane negatively affects the lead(II) transport and electrodeposition rates. Change in perchloric acid concentration in the cathodic solution insignificantly affects the lead(II) stripping and electrodeposition degrees. 
